All-dielectric nanophotonics becomes a versatile tool for various optical applications, including nanothermometry and optical heating. Its general concept includes excitation of Mie resonances in nonplasmonic nanoparticles. However, the potential of resonant dielectric nanoparticles in drug delivery applications still have not been fully realized. Here, optically resonant dielectric iron oxide nanoparticles (α-Fe2O3 NPs) are employed for remote rupture of microcontainers used as drug delivery platform. It is theoretically and experimentally demonstrated, that α-Fe2O3 NPs has several advantages in light-to-heat energy conversion comparing to previously used materials, such as noble metals and silicon, due to the broader spectral range of efficient optical heating, and in enhancement of thermally sensitive Raman signal. The α-Fe2O3 NPs embedded into the wall of universal drug carriers, polymer capsules, are used to experimentally determine the local temperature of the capsule rupture upon laser irradiation (170 o C). As a proof of principle, we successfully show the delivery and remote release of anticancer drug vincristine upon lowered laser irradiation (4.0×10 4 W/cm 2 ) using polymer capsules modified with the α-Fe2O3 NPs. The biological tests were performed on two primary cell types: (i) carcinoma cells, as an example of malignant tumor, and (ii) human stem cells, as a model of healthy cells. The developed delivery system consisting of polymer capsules modified with the dielectric nanoparticles provides multifunctional platform for remote drug release and temperature detection.
INTRODUCTION
Optically resonant dielectric nanoparticles (NPs) allowing for light localization at subwavelength scale have attracted a lot of attention [1, 2] during last years due to their excellent performance in a number of advanced optical applications. Namely, the resonant NPs made of silicon [3, 4] , germanium [5] , III-V semiconductors [6, 7] , or multicomponent materials [8] [9] [10] demonstrate outstanding optical characteristics owing to Mie resonances excited by incident laser field. Moreover, because of strong field enhancement inside the nonplasmonic (e.g., silicon) NPs, it is possible to both efficiently heat them by laser irradiation and measure local temperature via thermally sensitive Raman response [11] , which is also enhanced by several orders of magnitude [12] . With the resonant silicon NPs, the "all-in-one" concept was applied for simultaneous optical heating, sensing, and thermometry of small amount of protein molecules [13] . However, the * A footnote to the article title † Research School of Chemical and Biomedical Engineering, National Research Tomsk Polytechnic University, Tomsk, 634050, Russia ‡ Peter the Great St. Petersburg Polytechnic University, SaintPetersburg, 195251, Russia § mikhail.zyuzin@metalab.ifmo.ru ¶ s.makarov@metalab.ifmo.ru full potential of resonant nonplasmonic NPs with both temperature and micrometer spatial control for more advanced bioapplications has yet to be realized.
Recent trends have focused on incoprorating different
NPs within nano-and microcarriers to obtain a composite platform with improved properties for various biomedical applications [14] . Among available delivery systems, polymer capsules are currently being demonstrated as unique carriers for safe and efficient delivery of biologically active compounds such as gene materials [15] , macromolecules [16] , proteins [17] , drugs [18] . In the previous works, various plasmonic NPs were employed as nanoheaters to reduce laser intensity threshold for the capsules opening, while their additional functionalization by thermally sensitive nanomaterials was performed for local nanothermometry [19] .
In this work, we incorporate optically resonant dielectric nanoparticles into polymer capsules for remote drug release upon laser irradiation with simultaneous nanothermometry. In order to achieve high optical field enhancement in the nanoparticles and their efficient heating, we employ biocompatible iron oxide (α-Fe 2 O 3 ) NPs [20] instead of previously used dielectric ones [4, 8, 10] , owing to their high refractive index (n ≈2.7-3.2) and moderate losses (k ≈0.02-0.2) in red and near-infrared (NIR) ranges [21] . This phase of iron oxide has very pronounced and easily recognizable multipeak Raman response in broad range of wavenumbers (200-1400 cm −1 [22] ), making it much more convenient for temperature-induced peak shift registration as compared to the silicon possessing only one Raman-active phonon mode [13] . The use of such NPs allows for direct measurement of the capsules rupturing temperature with the accuracy no worse than 40 K, corresponding to a characteristic Raman linewidth. Also, the NPs decrease the rupture threshold intensity down to 4.0×10 4 W/cm 2 . Finally, the developed microcapsules modified with α-Fe 2 O 3 NPs are used to deliver antitumor drug vincristine (VCR) into two primary cell types: (i) carcinoma cells (CCs) as an example of malignant tumor, and (ii) human mesenchymal stem cells (hMSCs) as a model of healthy cells. Our findings show that the optically resonant α-Fe 2 O 3 NPs have high potential to be a versatile platform in order to fabricate multifunctional drug carriers possessing tumor-specific drug release.
RESULTS AND DISCUSSION
The main concept of this study is depicted in Fig. 1 , where we present the theoretical and experimental stages of designing a multifunctional drug carrier that simultaneously allows for external drug release triggering and local temperature detection. As shown in Fig. 1a , the used biocompatible α-Fe 2 O 3 NPs should possess high enough refractive index and moderate losses, as well as demonstrate thermally sensitive Raman lines. Also, to predict the optimal NP size for efficient optimal heating, the electromagnetic simulations should be performed (Fig. 1a) . After the theoretical calculations, synthesized (Fig. 1b) and characterized (Fig. 1c) NPs can be experimentally tested for optical heating and Raman thermometry (Fig. 1d) . The fully characterized iron oxide NPs can be then used to modify the wall of polymer capsules, which are widely used to deliver cargo into cells (Fig. 1e) . The efficient optical heating of the NPs allows for remote low-intensity release of cargo inside cells (Fig. 1f) . In the following sections, we discuss each step in more details.
Theoretical background. General model for heating of a spherical nanoparticle comprised from an arbitrary material (metals or dielectrics) by continuous laser illumination in a homogeneous medium was developed elsewhere [11, 23, 24] . We combined it with a simple analytical solution for light absorption by the nanoparticle from the Mie theory [25] . The Mie-theory deals with a single spherical NP in homogeneous medium, yielding general understanding which optical modes can be excited and what is their optical response. For instance, scattering (σ sca ), extinction (σ ext ) and absorption (σ abs ) cross-sections can be derived from following equations:
where a n and b n are the Mie-coefficients for electric and magnetic types of modes, respectively. As a result, the solution of a thermal diffusion equation in a steady-state regime with a heat source defined by the light intensity (I) and the NP absorption cross-section (σ abs ) gives the following equation for temperature increase inside the NP [24] :
where κ 2 is the thermal conductivity of the surrounding medium, which is significantly smaller than that of the NP; and R is the NP radius. The details of derivation of this formula and calculations of the absorption cross-section one can find in Supporting Information. It is worth noting, that this consideration is only suitable for structures with thermal conductivity of several orders higher than that of surrounding homogeneous media.
Since the concept of NP-induced enhancement and localization of optical heating [26] is attractive for the most of bio-or chemical applications, it is vital to study their resonant properties in water (n = 1.33), because such studies are taken in aqueous medium. The theoretical calculations on various NPs optical heating in water are summarized in Fig. 2 . Based on Eq.(1-4) we carried out a comparative analysis for optical heating in the visible and NIR ranges of three spherical nanoparticles: gold [27] , silicon [28] , iron oxide (Fe 2 O 3 ) [29] , while their thermal constants are taken from Ref. [30] .
It is clearly seen from Fig. 2a that gold nanospheres are efficient light-to-heat converters at their localized surface plasmon resonance wavelength (around λ ∼ 500-600 nm) at all sizes, as reported previously [26] . On the other hand, a silicon nanosphere, as shown in Fig. 2b , supports variety of Mie modes (electric and magnetic ones [2]), which allow to use c-Si nanoparticles as lightto-heat converters even in the red region of visible light spectra [11] . However, their performance worsens at the wavelengths larger than λ ≈ 800 nm. In its turn, α-Fe 2 O 3 NPs combine benefits of both gold and silicon by providing the broadband absorption band in the visible at λ < 600 nm wavelengths and support Mie-modes in NIR as well (Fig. 2c) . Additionally, a comparison of performances between α-Fe 2 O 3 , c-Si and Au nanospheres is presented in Fig. 2c,d , where one can clearly see that the α-Fe 2 O 3 NP outperforms the Au NPs even at the plasmon resonance wavelength in water λ ≈ 530 nm. Moreover, the α-Fe 2 O 3 NP absorbs light better than Si NPs at all wavelengths of interest (λ = 400 -1000 nm). nary parts of its dielectric function. Indeed, radiative and non-radiative losses of any resonators have to be balanced to achieve the highest optical heating [11] . Beside high efficiency of light-to-heat conversion, it is crucial to obtain a pronounced Raman signal for local optical temperature measurements. This concept of farfield optical temperature detection at nanoscale is based on thermo-sensitive Raman response due to anharmonic effects in light scattering on optical phonons [31] . Fig. 3a shows that α-Fe 2 O 3 has very intensive and rich Raman spectrum with clearly distinguishable Stokes lines.
As a result, in this part we revealed that α-Fe 2 O 3 is one of the most prospective materials for all-optical heating and nanothermometry. Namely, it fulfills the following requirements: (i) relatively simple and cost-efficient fabrication; (ii) active optical phonons for thermo-sensitive optical response (Raman scattering); (iii) high-refractive index in order to support Mie-resonances in nanostructures in the visible and NIR for enhanced heating and reduced signal collection (dwell) time.
Nanoparticles fabrication and structural characterization.
α-Fe 2 O 3 NPs were prepared via solvothermal method [33] . The characterization by scanning electron microscopy (SEM) found NPs with diameter (D) between 300 and 800 nm (Fig. S3) . That is further confirmed by transmission electron microscopy (TEM), which also shows a second population of NPs with diameters in the range of 5-20 nm (Fig. S5 ). Despite the larger α-Fe 2 O 3 NPs do not possess a perfect spherical shape, the aspect ratio remains sufficiently low to maintain the quasi-spherical approach reasonable for theoretical calculations, since the factor of facets for resonant dielectric NPs is almost negligible as shown in previous works [8, 10] .
X-ray photoelectron spectroscopy (XPS) results confirm that NPs are composed of iron oxide (Fig 3b) . However, the peaks in the obtained spectra correspond to both +II and +III oxidation states (i.e. α-Fe 2 O 3 and Fe 3 O 4 , respectively). The challenge to determine composition and crystallogaphic strucutre of NPs arises due to the fact that two phases share either the same stoichiometry (α-Fe 2 O 3 hematite, and γ-Fe 2 O 3 maghemite) or structural similarities (γ-Fe 2 O 3 maghemite and γ-Fe 3 O 4 magnetite) [34] . However, α-Fe 2 O 3 and Fe 3 O 4 can be additionally differentiated by electron energy loss spectroscopy (EELS) [35] . In the case of the large NPs shown in Fig. 3c , the experimental EELS spectrum shows the typical features of α-Fe 2 O 3 , which are a double peak in the O K-edge and a shoulder in the Fe L 2,3 edge Fig. 3e . Knowing the stoichimetry, selected area is used to de- termine the structure of the same NP. The diffraction pattern shown in Fig. 3d revealed, that such NPs have high crystallinity and interplanar distances match very well with the diffraction pattern of α-Fe 2 O 3 in [010] zone axis (Fig. S6) . Characterization of smaller particles was carried out by following the same procedure. Unlike in the case of larger NPs, EELS spectra as well as diffraction pattern correspond to Fe 3 O 4 magnetite (Fig. S7) . This explains the detection of both oxidation state on the XPS spectra. The presence of both oxides is not necessarily an issue for this study, since Fe 3 O 4 shows only limited optical heating for particle radius below 50 nm (Fig. S1 ). Moreover, since there is a correlation between size and crystallographic phase, the smaller NPs can be easily removed during the centrifugation process (e.g., during capsule synthesis).
As it has been mentioned, α-Fe 2 O 3 NPs can serve not only as a nanoscale heater, but also simultaneously as multi-purpose nanothermometer [22] with high melting point (T ≈1850 K [36] ) as compared to gold (T ≈1250 K [37] ) and silicon (T ≈1600 K [38] ). Thus, Fig. 3a depicts not only phase and bond fingerprint of fabricated structure, but also can serve as temperature sensor, because of thermally dependent Raman response. For instance, A 1 band (vibration of Fe-O bond [22, 39] ) scattering demonstrate spectral blue-shift, as it is shown in the inset [32] . For higher precision of the temperature measurements, we average the temperature between 225 cm −1 , 290 cm −1 and 400 cm −1 Raman Stokes lines according to previous works [22] .
Optical characterization of resonant α-Fe 2 O 3 NPs. In order to study resonant optical properties of fabricated single α-Fe 2 O 3 NPs, dark-field (DF) spectroscopy technique was applied (Fig. 4a,b , for more details see Supporting Informaion). It is worth noticing, that DF spectra serves not only as a tool for characterization of the far-field optical properties and description of the excited optical modes in NPs, but also for the Raman Shift (cm verification of the NPs sizes obtained by SEM or TEM. In order to carry out the 'optical size' verification, the full-wave numerical simulations in the commercial software COMSOL Multiphysics was employed. As shown in Fig. 4b , the numerical and experimental results are in a good qualitative agreement, even though the fabricated NPs are not perfectly spherical according to Fig. 3c ,f. The modeling also reveals the local optical field enhancement up to 2 times within NP and up to 6 times outside NP (see insets in Fig. 4b ).
The DF spectrum shows that the chosen NP (340 nm diameter particle) provides resonant elastic scattering around the emission wavelength of He-Ne laser (λ = 632.8 nm) used for Raman experiments in this work. This results in the local field enhancement and NP's heating observed as a spectral shift of characteristic Ramanactive modes (Fig. 4c, S10 ). As it has been mentioned, the spectral shift of the Raman Stokes line between 'cold' and 'hot' regimes can be back-converted into temperature increase. By term 'cold' Raman scattering regime either bulk material response, or low pump intensity response from single iron oxide nanoparticle is considered. Whereas the 'hot' regime stands for enhanced absorption regime with high (> 2 mW/µm 2 ) pump intensity, which results in spectral blue-shift of the Raman response. It is clearly seen, that for such high heating temperatures, only number of Raman lines remain pronounced (i.e. initial 225 cm −1 ), unlike 600 and 1320 cm −1 ones. values are mostly located within the region bordered by two calculated lines, however, larger particles are in little less match with the theoretical predictions. We believe that this might happen due to shape inhomogeneity. Indeed, any roughness reduces quality factor of the dielectric microresonator [40] , whereas the heating efficiency is a linear function of quality factor [11] .
Polymer capsules with resonant α-Fe 2 O 3 NPs. After proving the ability of both heating and thermometry by single iron oxide NPs (Fig. 1d) , we implemented them into drug carriers, so-called polymer capsules, to probe remote drug activation in vitro and simultaneous nanothermometry (Fig.1e) . It is worth noting that various carriers composed of different materials like silica [41] , liposomes [42] , as well as rare earth [43] and plasmonic nanoparticles [44] were employed for external triggering to release bioactive molecules upon laser irradiation. However, polymer capsules have an obvious advantages prior reported delivery systems, such as increased drug loading capacity, protective features of capsule wall, low cytotoxicity, high stability in the biological fluids, and efficient uptake by various cell types [16, 45] . Polymer capsules modified with α-Fe 2 O 3 NPs were prepared with Layer-by-Layer method [16, 46] . The size range of synthesized capsules was around 4.38 -5.21 µm, as determined by SEM and confocal laser scanning microscopy (CLSM) analysis (Fig.5a(inset) and Fig. S8a,b) . It can be seen that α-Fe 2 O 3 NPs were not aggregated after attachment to the capsules wall Fig. S8 .
CLSM was used to verify the loading with dextran conjugated with AlexaFluor 647 (AF647) into the cavity of the capsules (Fig. S8b) . SEM images demon- strated successful dissolution of CaCO 3 core-template, since the polymer capsules were in collapsed form under vacuum (Fig. S8a) . The attachment of α-Fe 2 O 3 NPs onto the capsules wall (spots onto the capsules wall) can be clearly seen in SEM, dark field (DF) and CLSM images highlighted with the white arrows Fig. S8a -c. The statistical data for the number of attached α-Fe 2 O 3 NPs onto the capsules wall is shown in Fig. 5a . Successful loading of commercially available antitumor drug VCR into the capsules cavity could be detected with indirect method via measuring absorption spectra of the drug. According to the measured calibration curve Fig. S4 and measured supernatant after the formation of the CaCO 3 core-particles, amount of encapsulated VCR was 0.65×10 −12 g/cap. It was assumed that after the core dissolution, the amount of VCR, which diffused through the capsule wall, is negligibly low.
In order to determine the temperature of the capsules rupture upon laser illumination, we carried out their Raman nanothermometry at various intensities of incident laser light. Employing the developed Raman nanothermometry with the resonant α-Fe 2 O 3 NPs incorporated into the capsule walls, we measured Raman spectra for different capsules up to the signal disappearance as an indicator of the capsule's destruction. According to the measurements from a set of capsules with incorporated NPs placed as a droplet between two cover glasses, the mean temperature of their rupture is around 170 o C (Fig. 5b) . The fact of capsule damage was confirmed by bright-field optical microscopy (Fig. 5c) . The average intensity of He-Ne laser radiation (λ=632.8 nm) required to achieve this threshold temperature is around 4×10 4 W/cm 2 . The value of temperature is comparable with that reported elsewhere [19] , while the applied intensity is more than 2 times lower, because of high efficiency of light-to-heat conversion of α-Fe 2 O 3 NPs, as shown in Fig. 2 . The comparison of main characteristics of the proposed method with published before is given in Table 1 . To confirm that permeability of polymer capsules changes after laser irradiation and delivered cargo can be successfully released, polymer capsules modified with α-Fe 2 O 3 NPs were loaded with commercially avail- able antitumor drug VCR and the defined area containing capsules was irradiated with near infrared laser for different periods of time. As it can be seen in Fig. 5d , with the increasing time of irradiation within the area containing capsules, the amount of released drug increases. However, the capsules that were not irradiated also showed slight drug release, which can be explained by leakage of the cargo through the porous capsules walls. The obtained capsule heating temperature (170 o C ) is sufficient to change the permeability of polymer capsules, since the glass transition temperature of PAH is around 85 o C and PSS is around 152 o C [48] . The photodecomposition of polymer capsules can lead to the release of loaded molecules into the surroundings. In comparison to the previous work [19] , to achieve temperature 170 o C less laser power density is required (4.0±1.0×10
4 W cm −2 ), which is in favor for the biomedical laser application, since such laser power densities do not induce phototoxicity of cells. Indeed, no phototoxicity was observed even at intensity 3.8×10
5 W cm −2 as shown in ref. [49] . Moreover, according to Eq. S30, such high for biological objects temperature decays by more than 10 times on a scale of several microns around the locally heated NP, being safe for the irradiated living cell containing an internalized capsule modified with the α-Fe 2 O 3 NPs.
Cell uptake and association of polymer capsules modified with α-Fe 2 O 3 NPs. It is worth mentioning that cell experiments were performed on relevant cell models: (i) clear cell renal cell carcinoma cells (CCs), and (ii) human mesenchymal stem cells (hMSCs), which were derived from patients who signed a voluntary consent. Numerous studies suggest that cell lines poorly represent the diversity, heterogeneity and drug-resistant tumors occurring in patients [50] . The derivation and short-term culture of primary cells from solid tumors have, thus, gained significant importance in personalized cancer therapy. CCs are sensitive to VCR at high dosages but not sensitive to the concentrations of this drug used in clinics [51] . hMSCs were used in this study as a model of healthy cells.
In order to verify whether micrometric polymer capsules modified with α-Fe 2 O 3 NPs can be internalized with CCs and hMSCs, CLSM measurements were performed. For this, after incubation with different amount of polymer capsules loaded with AF647, cells were stained with calcein AM and the co-localization of the red fluorescently labeled capsules within the cellular compartments was visualized with z-stack images as shown in Fig. 5e ,f. An indicator for intracellular localization of capsules was red fluorescence signal coming from AF647 labeled capsules surrounded with green fluorescence signal coming from stained living cell with calcein AM. Fig. S16 shows 3D reconstruction of cells incubated with capsules. These results are in agreement with previous studies, where it was shown that even micrometric sized non-targeted polymer capsules can be efficiently internalized with stem cells [18] and carcinoma cells [16] . Note that multiple endocytotic pathways are responsible for micrometric capsules internalization [52] .
In order to quantify the association of AF647 labeled capsules at different capsule concentrations with CCs and hMSCs, fluorescence flow cytometry was used. Here, the amount of red fluorescence originating from each analyzed cell was derived and quantified to reveal the relative amount of capsules associated with cells. It is worth to mention that apart from autofluorescence cells do not contribute to the red fluorescence signal Fig. S14 . According to the obtained data, it is clearly seen that amount of capsules associated with cells increases with the number of added capsules per cell. This is valid for the both cell lines. However, it is also seen that the capsules were associated with CCs in a higher rate than with hMSCs (Fig. S15) . These results are in agreement with previous works [53] . As it has been discussed above, multiple internalization pathways are involved in micrometric sized capsules internalization. Internalization of capsules depends on the metabolism of the cells, which defines their ability to internalize the capsules. Metabolism of carcinoma cells is known to be enhanced [54] and distorted, which explains the higher uptake rate of capsules by CCs than by hMSCs.
In vitro laser-triggered release of antitumor drug Vincristine (VCR). To demonstrate remote photoinduced activation of drug, α-Fe 2 O 3 NPs modified polymer capsules loaded with VCR were added to the CCs and hMSCs at different amounts. Next day, cells were washed 3 times with cell culture medium in order to remove residual capsules, and then irradiated with NIR (λ=790 nm) in the defined area (Fig. 6c,S11 ). NIR laser irradiation was used for the experiments with cells, since laser OFF this wavelength lies in the 'tissue window', and it is optimal for penetration of light into tissue [55] . Similar wavelengths are often used in the biology and medicine for therapy [56] . As shown in Fig. 6 , α-Fe 2 O 3 NPs efficiently convert light into heat also at λ=790 nm, being enough for the capsules rupture in a multipulse mode owing to high repetition rate (80 MHz), as also confirmed by calculations in Fig. S2 . During the NIR laser irradiation at such 'CW-like' regime with an average power of 250 mW, laser beam randomly hits the capsules inside the scanning area. After irradiation of capsules with NIR light, α-Fe 2 O 3 NPs exhibit strong absorption supported by Mie-modes, which results in conversion of light-toheat energy followed by the NPs temperature increase and, subsequently, in the rupture of capsules. In other words, the interaction between the laser beam and α-Fe 2 O 3 NPs embedded into the capsules wall leads to the thermally induced deformation/disintegration of the polymer capsules with the change in their permeability, as observed in Fig. 5c .
In the control experiments, the cells without capsules were irradiated with NIR laser at the same conditions, as well as the cells without and with capsules (added at different amounts) were not irradiated with NIR laser. After irradiation, LIVE/DEAD viability assay was performed, where the cells alive were stained in green and nuclei of dead cells were stained in red. According to the obtained data, the used power density of laser irradiation was not toxic for CCs and hMSCs (Fig. 6a,b) . As expected, laser irradiation of CCs with internalized/associated capsules resulted in higher toxicity, due to the release of antitumor drug VCR in intra-and extracellular environment. As it can be seen in Fig. 6d , this toxicity of CCs is dependent on the amount of added capsules per cell. The possible explanation for this can be that the probability to hit the capsule added at amount of 50 capsules per cell is higher and, thus, higher amounts of drugs were released from the capsules associated with cells, which resulted in higher toxicity. This assumption is confirmed by the performed release study where different amount of VCR loaded capsules modified with iron oxide nanoparticles were irradiated under the same conditions but without cells Fig. S13 . The obtained results demonstrate that higher amount of added capsules results in a higher rate of released drugs after laser irradiation keeping the irradiation time constant. Interestingly, hMSCs showed significantly higher survival rate compared to CCs at the same added amount of capsules. The reason for this could be the higher uptake of tumor cells, what results in higher amount of antitumor drug inside cells. Moreover, hMSCs are resistant to the number of antitumor drugs, what can be a reason of higher survival rate of hMSCs compared to CCs [57] .
Capsules added to the both cell models, which were not irradiated with NIR laser, were slightly toxic at higher concentrations (86% for 20 caps/cell, 70% for 50 caps/cell for CCs and 84% for 20 caps/cell, 78% for 50 caps/cell for hMSCs). This can be explained by leakage of drugs through the capsules wall during the internalization process. Indeed, during the internalization process [14] mechanical deformation can occur, which can result in the leakage of drug. According to the recent study, mechanical forces can vary between cell types, and it was shown that capsules internalized within carcinoma cells are exposed to higher mechanical forces during the internalization process in carcinoma cells than in other tested cell types resulting in a higher rate of capsule degradation [58] , which can lead to a higher drug release rate inside cells. Moreover, it has been shown that capsules added at amount more than 20 capsules per cell are toxic [59] to the cells resulting in reduced cell density in Fig.6b . Thereby, the revealed data confirm that α-Fe 2 O 3 NPs can be effectively used as heat mediators for remote activation of drugs inside cells.
CONCLUSION
To summarize, we have proposed novel "all-in-one" concept for controllable drug release in living cells based on nonplasmonic optically resonant nanoparticles which allowed for lowering the drug release irradiation threshold and local thermometry. It has been proven both theoretically and experimentally that α-Fe 2 O 3 NPs have several advantages in terms of light-to-heat energy conversion comparing to conventional materials, such as noble metals and silicon: (i) α-Fe 2 O 3 NPs demonstrate broader electromagnetic radiation absorption in the visible and near-IR ranges; (ii) require lesser irradiation dose compared to noble metals and dielectric NPs and do not require strict fulfilling of Mie-resonant conditions to achieve similar heating temperatures; (iii) support number of thermally-sensitive Raman lines in the range from (200 cm −1 ) to (1400 cm −1 ), which is more convenient for nanothemrometry and might be useful for tracing additional molecular events in real time. Moreover, simplicity of α-Fe 2 O 3 NPs synthesis and its biocompatibility make this material suitable for biomedical applications. Taken together, we believe that such iron oxide based nanoscale structures will serve as a versatile platform, that combines unique optical properties with laser responsive effect for the drug release, proving complete suppression the growth of the primary tumor cells. 
